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Cognitive functions and spontaneous neural activity show significant changes over the life-span, but the 
interrelations between age, cognition and resting-state brain oscillations are not well understood. Here, we 
assessed performance on the Trail Making Test and resting-state magnetoencephalographic (MEG) 
recordings from 53 healthy adults (18-89 years old) to investigate associations between age-dependent 
changes in spontaneous oscillatory activity and cognitive performance. Results show that healthy aging is 
accompanied by a marked and linear decrease of resting-state activity in the slow frequency range (0.5- 
6.5 Hz). The effects of slow wave power on cognitive performance were expressed as interactions with age: 
For older (>54 years), but not younger participants, enhanced delta and theta power in temporal and central 
regions was positively associated with perceptual speed and executive functioning. Consistent with previous 
work, these findings substantiate further the important role of slow wave oscillations in neurocognitive 
function during healthy aging. 

A well-established finding from both cross-sectional and longitudinal comparisons is that during adult- 
hood and aging, performance on numerous perceptual and cognitive functions shows a continuous and 
reliable decline 14 . This effect is even more pronounced in behavioral and neuropsychological tasks 
assessing speech perception, working memory, speed of processing, executive functions, reasoning and spatial 
orientation 16 , although significant individual differences exist, with some high-performing older adults main- 
taining superior cognitive performance 7 . 

Neurobiological explanations for age-related cognitive decline have focused on losses of grey and white matter 
volume 1,8 , decreased dopaminergic neurotransmission during cognitively demanding tasks 9 , and reduction in 
hippocampal subregions, associated with impaired memory performance 10,11 . Other studies show that age- 
dependent white matter alterations are associated with decrements in performance in tests assessing speed of 
processing, memory and executive functions 1,12 . 

Aging is also characterized by significant alterations in brain oscillatory activity 13 24 . Studies show that during 
physiological aging there is a generalized slowing of EEC activity, an increase in beta power, an amplitude 
decrease in lower alpha (8-10.5 Hz) and a slowing of peak alpha frequency 1317 . A less consistent picture emerges 
for frequencies in the slow wave range. In some studies, healthy aging has been associated with increases in delta 
(1-4 Hz) and theta (4-7.5 Hz) power, whereas other studies have shown decreases 14 ' 23 . 

There is strong empirical support to the hypothesis that neural oscillations coordinate information transfer in 
the brain, support plasticity processes and subserve important perceptual and cognitive functions such as sensory 
feature binding, speech perception, memory and attention 25 29 . Of particular interest in the present study is the 
relation between spontaneous oscillatory activity, healthy aging and cognitive performance. Resting state record- 
ings without any specific task are a useful tool to investigate the large-scale functional organization of the human 
brain and are used to study the default activity of functional brain networks 30 32 . Numerous studies have inves- 
tigated possible links between age-related alterations in resting neural activity and cognitive performance. 
Examining 550 individuals between 11-70 years old, Clark et al 13 showed that spontaneous frontal peak alpha 
frequency was positively associated with working memory performance, an effect independent of age. Decreases 
in magnitude of alpha sources during healthy aging have been associated with the functioning of the cholinergic 
basal forebrain system, affecting thalamo-cortical and cortico-cortical processing and resulting in reduced 
visuospatial attention 17 . 

Recent work suggests that ongoing oscillatory activity in the slow frequency range (<8 Hz) is implicated in 
age- associated cognitive decline, but different patterns have been reported for healthy and pathological popula- 
tions (e.g. 18,19,23,33-35 ). For demented older adults, several studies show that enhanced delta and theta power predict 
neurocognitive impairment 33,35,36 . For example, Fernandez et al 33 showed that patients suffering from Alzheimer's 
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Figure 1 | (a) Topographic representation of the scalp distribution of Pearson product moment correlations between age and MEG power for slow-waves 
(0.5-6.5 Hz). Blue regions indicate negative correlations, red regions indicate positive correlations. The cluster of sensors showing significant linear 
decrease in MEG power with age (p = .009) is marked with white dots, (b) Scatterplot depicting linear correlations between cluster-averaged 
spectral power and chronological age (r = —.58, p < .001). 



disease (AD) had increased delta and theta activity in temporopar- 
ietal areas relative to controls, which was associated with deficient 
cognitive performance. Stomrud et aP examined healthy elderly 
individuals over a period of 4.5 years. They showed that increases 
in posterior theta power correlated with decreases in mean peak 
frequency, cognitive speed impairment and changes in cerebrospinal 
fluid biomarkers which resembled AD pathology. 

Other studies, however, report contrasting results: Examining 73 
older adults, Finnigan and Robertson 19 showed that spontaneous 
frontal and parietal theta power was positively associated with imme- 
diate and delayed verbal recall, attention, and executive functioning 
and suggested that in healthy older adults high resting theta power 
may be a neuromarker of successful neurocognitive aging. Cummins 
and Finnigan 20 reported increased theta power for younger, compared 
to older adults during retention and recognition in a memory task, but 
no differences in task performance. Leirer et al 18 found delta dipole 
density to decrease with physiological aging, but these alterations were 
not associated with neuropsychological tests assessing a broad range 
of cognitive abilities. Thus, despite recent interesting work, a clear 
characterization of the interrelations between healthy aging, cognitive 
performance and resting- state slow wave activity is not yet established. 

The purpose of this study was twofold: Our first goal was to char- 
acterize the patterns of age-related alterations in resting-state power 
across the lifespan. Using magnetoencephalographic (MEG) record- 
ings from 53 healthy adults (18-89 years old), we performed correla- 
tions between spectral power and age, using all frequencies (1- 
100 Hz) and sensors across the head. A second motivation was to 
investigate the behavioral significance of these alterations, focusing 
on frequencies in the slow wave range. We used performance on the 
Trail Making Test 37 . Part A (TMT- A) is mostly associated with visual 
search and perceptual speed whereas part B (TMT-B) is mostly 
implicated in working memory and executive components 38 . We 
focused on neuropsychological tests that assess key cognitive func- 
tions which are primarily affected by age 18,30,37 . In addition, there is 
evidence that working memory, perceptual speed and cognitive con- 
trol processes are associated with slow wave power 23,27,39-43 , and are 
thus expected to show age-differential spectral power alterations. 
Cognitive performance was regressed against age, slow frequency 
power and the interaction between the two. 



Results 

Cluster-based correlations between MEG power and age. Cluster- 
based permutations revealed a significant linear decrease of 
spontaneous oscillatory activity with increasing age for the slow 
frequency range of 0.5-6.5 Hz (p = .009). The decrease in slow 
wave power was widespread over large parts of the brain, affecting 
almost the entire sensor array (Figure la). This negative relation is 
illustrated in the scatterplot in Figure lb: For each subject, we 
averaged power estimates from all frequency X sensor samples 
within the cluster and correlated these values with age. Pearson r 
was —.58 (p < .001). In Figure 2, participants were divided into a 
"younger" (18-54 years of age, n = 26) and "older" (55-89 years of 
age, n = 27) group, based on a median split. The graph shows reduced 
slow wave power for "older" compared to "younger" participants. 
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Figure 2 | Scaled spectral power averaged over all sensors from the slow 
wave cluster. Significant frequencies are shaded in gray. Participants were 
divided into a "younger" (n = 26, blue line) and an "older" (n = 27, red 
line) group by median split. Older participants exhibit reduced spectral 
power compared to younger for slow wave frequencies. The small peak at 
16.6 Hz represents technical noise resulting from a railway system that 
operates in a distance of approximately 1 km to the lab. 
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Figure 3 | (a) Illustration of the position of the selected sensor clusters for the five defined regions (Frontal, Central, Left Temporal, Right Temporal and 
Occipital), (b-d) Scatterplots depicting linear correlations between slow wave activity in temporal and central regions and performance (completion 
time) on the Trail Making Test, separately for "younger" (n = 26) and "older" (n = 27) participants (based on a median split), (b) Associations 
between performance on TMT-A and delta power (0.5-4 Hz) in the right temporal region, (c) Associations between performance on TMT-B and delta 
power in the central region, (d) Associations between performance on TMT-B and theta activity in the left temporal region. 



No significant associations were observed between age and any 
other frequencies, although there was a non-significant trend for 
decreased gamma power over posterior sites (p = .065). 

Associations between age, theta power and individual peak alpha 
frequency (IAF). No significant associations were observed between 
IAF and age for frontal (fj = 0.01, SE = 0.02, t = 0.75, p = .46), 
central (fj = 0.01, SE = 0.02, t = 0.65,p = .52), occipital (P = -0.02, 
SE = 0.01, t = -1.59, p = .12) andleft (|3 = -0.03, SE = 0.02, t = 
- 1.89, p = .06) and right ((3 = -0.02, SE = 0.02, t = - 1.07,p = .29) 
temporal regions. Similarly, there were no associations between IAF 
and theta power for central ((3 = -0.02, SE = 0.98, t = -0.02, p 
= .98), occipital (P = -0.24, SE = 0.25, t = -0.94, p = .35) and left 
(P= -0.13, SE = 0.19, t= -0.70,p =.49) and right (P= -0.23, SE 
= 0.12, t = — 1.89,p = .07) temporal regions. For the frontal region, a 
significant association was observed (P = —0.77, SE = 0.26, t = 
— 2.99, p = .004). However, Cook's distance and robust regression 
analyses identified three observations as outlying cases. After 
removal of the detected cases, no significant associations were 
observed (P = -0.34, SE = 0.19, t = -1.76, p = .09). In the 
following we report results based on unadjusted frequency bands. 

Multiple regressions between aging, spectral amplitude and 
cognitive performance. We showed previously that in the current 
sample of healthy adults, age has a negative effect on performance in 
the Trail Making Test (TMT-A: r = .51; p < .001, TMT-B: r = .55, 
p < .001; see 30 ). Initial exploratory correlations between spectral 
power and cognitive performance revealed different linear trends 
across different age groups. To further investigate this, we ran 
multiple linear regressions, using age, slow wave power and their 
interaction as predictors and performance on the Trail Making 
Test as the dependent variable. IAF was initially entered as a 
covariate but it did not reduce AIC 46 by S2, therefore the more 
parsimonious models were selected. Results from F-tests com- 
paring the full with reduced models, excluding the effect under 
consideration, showed no significant contribution of IAF. 

Our analyses revealed that the interaction between age and slow 
wave power at temporal and central regions was a significant pre- 
dictor of performance in the Trail Making Test. The presence of a 
significant interaction suggests that the effects of power on perform- 
ance are conditional on the participants' age. Figure 3 illustrates the 
nature of this relation: scatterplots are presented, depicting associa- 



tions between cognitive performance and spectral power separately 
for "younger" (<55 years old, n = 26) and "older" (n = 27) parti- 
cipants (based on a median split). 

In the delta frequency, significant interactions were observed for 
both TMT-A (right temporal region) and TMT-B (central region). 
Entering IAF as a covariate did not improve model fit. Specifically, 
for TMT-A in the right temporal region, AIC was 422.71 for the 
regression model including IAF and 422.71 for the reduced model 
(AIC difference < .01). For TMT-B in the central region, AIC was 
547.47 for the full and 545.52 for the reduced model (AIC difference 
= 1.95). F-tests showed no significant contribution of IAF (TMT-A: 
F(l,48) = 1.84, p = .18; TMT-B: F(l,48) = 0.04, p = .84), therefore 
the simpler models were retained. 

For TMT-A the overall model accounted for 38% of the variance 
(adjusted R 2 ; F(3,49) = 11.73, p < .001). There was a significant 
interaction between Age X Power (Age X Power: P = —0.09, SE 
= 0.02, t = -3.27, p = .002; age: P = 0.31, SE = 0.09, t = 3.11, p = 
.003; power: P = -1.44, SE = 0.65, t = -2.22, p = .03). Figure 3b 
reveals a different pattern for different age groups: For older, but not 
younger participants, more power was associated with less comple- 
tion time. For TMT-B, there was a significant interaction between 
delta power in central areas and age (adjusted R 2 = .40, F(3,49) = 
12.54, p< .001; interaction: P = -1.73, SE = 0.51, t = -3.38, p = 
.001; age: P = 1.18, SE = 0.33, t = 3.63,p < .001; power: P = - 15.07, 
SE = 10.31, t = — 1.46, p = .15). Figure 3c shows a negative asso- 
ciation between power and completion time for older participants. 

In the theta frequency, the interaction between spectral power in 
the left temporal region and age was a significant predictor of per- 
formance on TMT-B. As before, adding IAF did not contribute to the 
model (AIC: 541.25 for the full and 539.73 for the reduced model; 
AIC difference = 1.51; F(l,48) = 0.44, p = .51) and was removed. 
The model accounted for 46% of the variance (adjusted R 2 ; F(3,49) = 
15.87, £ < .001; interaction: P = -0.71, SE = 0.19, t = -3.79, p < 
0.001; age: P = 1.25, SE = 0.26, t = 4.74, p < .001; power: P = -6.12, 
SE = 3.15, t = — 1.94, p = 0.06). Figure 3d shows a similar pattern: 
for older participants, increased slow wave power was associated with 
better performance. 

In sum, our results suggest that the effects of slow wave power on 
cognitive performance were expressed as interactions with age: for 
older (>54 years) participants, higher delta and theta power was 
associated with improved performance in the Trail Making Test. 
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Discussion 

Using MEG, this study aimed to investigate the effects of healthy 
aging on spontaneous spectral power in the 0.5-100 Hz frequency 
range and to explore associations between age-dependent power 
alterations and behavioral performance in the Trail Making Test. 

Slow wave power (<7 Hz) linearly decreased with increasing age. 
No significant age-related changes were observed for any other fre- 
quency band. Spectral power decrements were widespread across the 
scalp, affecting almost the entire sensor array. These findings are in 
line with previous research, showing decreases in delta and theta 
power during physiological aging 17,18,20 . Moreover, the associations 
of spectral power with cognitive performance were expressed as 
interactions with age: for older participants, enhanced resting delta 
and theta power predicted improved neurocognitive function in tests 
assessing perceptual speed, working memory and cognitive control 
processes. 

Studies focusing on pathological aging generally agree that 
enhanced slow wave spectral activity is associated with cognitive 
impairment (e.g. 33,35,36 ). For example, Fernandez et al. 33 reported 
enhanced theta/delta dipole density on AD patients compared to 
healthy controls, associated with deficient neurocognitive function- 
ing. Grunwald and colleagues 35,36 correlated theta power from seniors 
with different stages of cognitive impairment (forming a continuum 
from healthy to demented subjects) with hippocampal volume and 
found significant negative linear associations, suggesting that the 
observed slow wave alterations in the cortex may be accounted for 
by the neuronal loss in the hippocampus. 

For healthy aging, reports are less consistent. Although it is well 
documented that it is accompanied by significant changes in slow 
wave activity, there is still much controversy over the specific pat- 
terns of these alterations, their underlying causes and their beha- 
vioral significance (e.g. 15,18,19 ). Some studies report that age-related 
power increases in slow frequencies are indicative of subsequent 
cognitive deterioration. Prichep et al. 34 showed that baseline excess 
of absolute and relative theta power could predict future cognitive 
decline in subjects who initially reported subjective cognitive com- 
plaints but showed no objective evidence of cognitive impairment. 
Stomrud et al 23 reported that increased theta power in healthy older 
adults correlated with reductions in mean peak frequency, changes in 
cerebrospinal fluid and decreased cognitive speed. These alterations 
resembled AD pathology, therefore the authors interpreted their 
findings as reflecting possible early mild brain pathology, already 
present in healthy elderly individuals. 

Other studies, however, show positive associations between slow 
wave activity and cognitive performance. Finnigan and Robertson 1 " 
examined healthy seniors (>56 years old) and showed positive rela- 
tions between resting theta and measures of immediate and delayed 
verbal recall, attention and executive function. A recent study 41 
showed that in healthy older adults, targeted cognitive training using 
a rich multimodal videogame induced increases in midline theta 
power and long-range theta coherence between frontal and posterior 
brain regions, significant improvement in the training regime and 
generalization of learning to untrained cognitive control skills. 

In an attempt to account for the somewhat inconsistent findings 
between healthy and demented populations, Finnigan and 
Robertson 19 suggested that for the latter, enhanced slow wave power 
may be related to alpha slowing and transitions of the peak resting 
frequency from alpha to theta, resulting in enhanced theta power. As 
noted by Klimesch 14 , parallel reductions in alpha and increases in 
theta power, which are often observed in older adults, may be related 
to age-related neurological disorders and not aging per se. However, 
when alpha slowing is not present, high theta power may be a marker 
of healthy neurocognitive function 1 '. This conclusion is consistent 
with our findings. Here, we analyzed data from a population of 
healthy seniors, excluding carefully participants who presented evid- 
ence of neurological or other age-related pathologies. We did not 



observe significant associations between age, individual peak alpha 
frequency and theta power. 

In sum, our results suggest that (a) healthy aging is accompanied 
by a widespread decrease in slow wave power and worse performance 
on various cognitive tests; this phenomenon could underlie 
decreased synaptic plasticity and communication between functional 
networks, associated with impaired cognitive function, (b) for 
healthy older adults who are able to maintain relatively higher levels 
of resting slow wave power, improved performance is observed in 
tests assessing perceptual speed, working memory and executive 
functioning. This conclusion is consistent with numerous studies 
which implicate slow wave oscillations in critical cognitive functions, 
including speech perception, working memory, perceptual decision 
making, executive functioning as well as in facilitating interaction 
and coordinating different brain regions into functional net- 
works 27,40 " 45 . It is also in line with recent proposals which consider 
slow wave activity as a neural correlate of enhanced control engage- 
ment, structuring and integrating the dynamics of neuronal com- 
munication in order to effectively adapt to current behavioral 
demands 42 and which can be used to predict individuals who are 
more able to benefit from cognitive training regimes and show 
broad-based transfer effects to untrained cognitive control tasks 40 ' 41 . 

Methods 

Participants. Fifty-three healthy volunteers (23 men, 30 women), between 18 to 89 
years of age (mean age 53.1 years, SD = 20.1) participated in this study. They were 
recruited via advertisements in the local newspaper and radio station and via flyers 
posted at the University of Konstanz, in residential homes for older adults and senior 
citizen centers. All participants gave written informed consent prior to the diagnostic 
interview, neuropsychological testing and MEG recordings and received 30 Euro as 
compensation. Exclusion criteria were dementia or probable dementia according to 
DSM-IV-TR 47 , psychiatric disorders, psychopharmacological medication, history of 
severe head injuries or neurological problems, left-handedness and metal objects in 
the body. The study was approved by the ethics committee of the University of 
Konstanz and the methods were carried out in accordance with the approved 
guidelines. 

Neuropsychological assessment. Prior to the MEG recordings, all participants were 
screened with the Mini International Neuropsychiatric Interview (M.I. N.I. 48 ). 
Handedness was assessed using the Edinburgh Handedness Inventory 49 . Cognitive 
performance was assessed using with a variety of tests (for a complete description 
see 18,30 ) for a total duration of approximately 2 hours. In the current study we used 
Trail Making Test A (TMT-A; range, 0-180 seconds) and B (TMT-B; range, 0-300 
seconds) from the Consortium to Establish a Registry for Alzheimer's Disease 
(CERAD)-NP-plus neuropsychological test battery 50 . 

MEG recordings and analysis. Neuromagnetic data were recorded with a 148- 
channel whole-head magnetometer system (MAGNES TM 2500 WH, 4D 
Neuroimaging, San Diego, CA, USA), installed in a magnetically shielded and quiet 
room (Vacuumschmelze, Hanau, Germany). The recording duration was set to 5 
minutes. During this period participants were laying in a comfortable supine position 
awake and with their eyes open. They were required to fixate on a mark on the ceiling. 
Furthermore, they were instructed not to move their eyes and body and to avoid 
engaging in any specific mental activity. To ensure compliance with the experimental 
requirements, their behavior was monitored with a camera installed inside the 
chamber. 

Continuous data were recorded with a hard-wired high-pass filter of 0.1 Hz and a 
sampling rate of 678.17 Hz. MEG data were analyzed with the fieldtrip toolbox 51 
(www.ru.nl/fcdonders/fieldtrip), run in a Matlab environment (www.mathworks. 
com). All data sets were down-sampled to 600 Hz and cut into epochs of 2 s. Epochs 
containing eye movements, eye blinks or muscle artifacts were detected and excluded 
from further analysis based on visual inspection. Next, an independent component 
analysis (ICA) was calculated for each individual data set to identify and reject the 
components that reflect the heart beat ('fastica' algorithm, implemented in 
EEGLAB 52 ). After artifact correction, 90 trials (180 s in total) were randomly selected 
from the remaining trials and used for subsequent analyses. Prior to power spectra 
calculations, the MEG data from each participant were realigned to a standard sensor 
position with respect to the participant's head 53 . 

Frequency spectral analysis. For each subject, the realigned MEG data were 
transformed into individual frequency power spectra by applying a Fast Fourier 
Transformation (FFT) to 2000 ms data epochs. The output of this procedure was the 
mean (averaged over the 90 trials) power for each frequency bin in the range of 0.5- 
100 Hz (with a 0.5 Hz frequency resolution, resulting in 200 frequency bins), for each 
of the 148 channels. Power values were normalized by calculating the mean power 
from all sensors and frequencies for each individual subject. Subsequently, each 
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separate sample (frequency X sensor power estimate) was divided by the subject's 
mean power. 

Correlations between spectral power and age. Our first goal was to investigate 
alterations of spontaneous MEG power during healthy aging, examining the full 
frequency spectrum across the whole head. In order to perform correlational analyses 
between power and age while effectively controlling the type I error in a situation 
involving multiple comparisons {power values from 53 participants, 148 channels 
and 100 frequencies), we used a non-parametric cluster-based permutation 
procedure 54 , implemented in Fieldtrip 51 . 

First, all frequency X channel samples were correlated with age. Samples that 
survived the initial test (i.e., the uncorrected p -value was less than .01) were clustered 
based on spatio- spectral proximity. Clustering was performed separately for samples 
showing positive and negative associations with age. An additional constraint was 
that within each cluster, each sensor had at least three neighboring sensors. Cluster- 
level statistics were obtained by summing the frequency X channel sample statistics 
within each cluster. The maximum of these was used to test the significance of our 
results against a randomization distribution. This distribution was obtained by ran- 
domly permuting the original data, taking the maximum cluster-level statistic and 
repeating this process for 1000 times. The probability of obtaining a statistic from this 
distribution larger than our actual cluster statistic was tested. 

Associations between age, spectral power and cognitive performance. To 

investigate the interrelations between healthy aging, MEG power and cognitive 
performance, we ran multiple linear regressions using R (R Core Development Team, 
R Foundation for Statistical Computing, Vienna). We used spectral power, age and 
their interaction as predictors, and performance on neuropsychological tests as the 
dependent variable. Individual peak alpha frequency (IAF; defined as the frequency 
with the largest power in the range of 8-13 Hz) was entered as a covariate. 

Spectral power estimates for each participant were calculated in the following way: 
MEG sensors were grouped into different regions, corresponding to five major brain 
areas: frontal (17 sensors), central (29), occipital (29) and left and right temporal (28 
each; Figure 3a). For each participant, spectral power was averaged over all sensors 
within each region, separately for the delta (0.5-4 Hz) and theta (4.5-7.5 Hz) fre- 
quency bands. This process resulted in a 53 (participants) X 2 (frequencies) X 5 
(region) matrix of power estimates which were entered in subsequent regression 
analyses. 

For cognitive tests we used completion time on Trail Making Test A and B. 
Performance on these tests has been associated with key cognitive functions, 
including cognitive control processes, working memory and perceptual speed 37 ' 38 . All 
these measures have been shown to be negatively affected by age 1 - 13 - 23 - 30 an d to be 
modulated by neural activity in the delta and theta range 27,40-44 . Thus, of particular 
interest in the current study was to explore the associations between slow wave 
spectral power and performance on these tests across the life-span. 

Separate tests were performed for each frequency, region and test, yielding a total of 
20 tests. P values were adjusted using Holm's stepwise procedure 55 . Both predictors 
were mean-centered, to reduce multicollinearity and to facilitate interpretation of 
coefficients. Variance Inflation Factors were low (all <2), suggesting that results were 
not biased by multicollinearity. To test the reliability of the model in the presence of 
outliers and heteroscedasticity, whenever results were significant we performed 
additional robust regressions (with iteratively re- weighted least squares using the 
"lmrob" function from "robustbase" package in the R environment). We report 
results from ordinary least-squares regression which remained significant using 
robust regressions. 

Associations between age, theta power and IAF. For each region, additional 
regressions were performed between (a) IAF and age, and (b) IAF and theta power. 
Results are reported above. 
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